The ability of synapses throughout the dendritic tree to influence neuronal output is crucial for information processing in the brain. Synaptic potentials attenuate dramatically, however, as they propagate along dendrites toward the soma. To examine whether excitatory axospinous synapses on CA1 pyramidal neurons compensate for their distance from the soma to counteract such dendritic filtering, we evaluated axospinous synapse number and receptor expression in three progressively distal regions: proximal and distal stratum radiatum (SR), and stratum lacunosum-moleculare (SLM). We found that the proportion of perforated synapses increases as a function of distance from the soma and that their AMPAR, but not NMDAR, expression is highest in distal SR and lowest in SLM. Computational models of pyramidal neurons derived from these results suggest that they arise from the compartment-specific use of conductance scaling in SR and dendritic spikes in SLM to minimize the influence of distance on synaptic efficacy.
Introduction
The excitatory synaptic inputs onto a single neuron often originate in different areas of the brain and are distributed throughout a branched dendritic tree that can extend hundreds of microns from the soma. Activation of these synapses generates potentials that propagate toward the soma and axon, where all electrical signaling from the dendrites converges. In order to influence activity in these final integration zones, however, synaptic potentials must overcome severe filtering and attenuation caused by the cable properties of dendrites (Rall, 1977; Williams and Stuart, 2003) . Because of the size and complexity of dendrites, the impact of dendritic filtering increases with distance from the soma and substantially reduces the influence of distal synapses on neuronal output. Recent studies suggest, however, that CA1 pyramidal neurons can counteract this voltage attenuation with two different mechanisms, both of which are capable of effectively and reliably depolarizing the soma and axon: distance-dependent conductance scaling (Magee and Cook, 2000; Smith et al., 2003) and dendritic spikes (Golding and Spruston, 1998; Gasparini et al., 2004; Gasparini and Magee, 2006) .
Conductance scaling has been studied among the CA3/CA1 synapses of stratum radiatum (SR), where locally generated synaptic potentials in distal dendritic regions are larger than those generated more proximally. When these same potentials are recorded at the soma, however, their average amplitudes are virtually indistinguishable, imparting location independence to synapses in SR. Dendritic spikes also have been studied in detail within apical dendritic regions, where they are triggered locally by synaptic activity and propagate with variable reliability toward the soma. Dendritic spikes likely play an integral role in relaying synaptic signals from stratum lacunosum-moleculare (SLM) because, in the absence of dendritic action potentials, inputs in this region have only a minor effect at the soma (Golding and Spruston, 1998; Wei et al., 2001; Cai et al., 2004; Jarsky et al., 2005) . Additionally, the forward propagation of dendritic spikes originating in SLM, and their effectiveness at driving axonal action potentials, are facilitated dramatically by very modest synaptic activity in SR (Jarsky et al., 2005) . Such findings suggest that, through the gating action of SR synapses, dendritic spikes are the principal form of communication between SLM and the soma/axon. These studies have contributed to the emerging view that CA1 pyramidal neurons employ both conductance scaling and dendritic spikes to ensure that synapses throughout the apical dendrite influence neuronal output. Virtually nothing is known, however, regarding the cellular substrates of synaptic distance compensation. In addition, the likelihood that SR and SLM synapses use the same or different mechanisms to reduce the impact of their dendritic location has never been addressed.
To characterize the extent to which synapses are regulated in a distance-dependent manner, especially in SLM where such a role may be masked by the technical limitations of recording from the small-diameter dendritic tufts, we used conventional and postembedding immunogold electron microscopy to examine the number, as well as the AMPAR and NMDAR expression, of synapses throughout the apical dendrite of CA1 pyramidal neurons. At least within SR, the number or density of AMPARs appears to be the major determinant of synaptic strength because various other parameters that influence excitatory postsynaptic potential (EPSP) amplitude-including cleft glutamate concentration, the size of the readily releasable pool of vesicles, probability of release, maximum channel open probability, single channel current, and NMDAR-mediated current-do not vary with distance from the soma, yet synapses in this region exhibit conductance scaling (Smith et al., 2003) . Accordingly, we used the number and density of immunogold particles for AMPARs projected onto the postsynaptic density (PSD) as an estimate of the relative strength of synapses. We then derived computational *Correspondence: yurig@northwestern.edu models of CA1 pyramidal neurons from these data to determine how distance-dependent differences in synaptic strength affect dendritic integration. Taken together, our results suggest that synapses on the apical dendrites of CA1 pyramidal neurons minimize voltage attenuation by utilizing conductance scaling in SR and the generation of dendritic spikes in SLM.
Results

Distance-Dependent Regulation of Synapse Number
The vast majority of excitatory synapses on CA1 pyramidal neurons are located on dendritic spines (Sorra and Harris, 2000; Geinisman et al., 2004) and can be either perforated or nonperforated (Peters and KaisermanAbramof, 1969; Carlin et al., 1980) , depending on the configuration of their PSD. When viewed in serial sections, perforated synapses exhibit discontinuous PSD profiles ( Figures 1A-1C) , while nonperforated synapses show continuous PSD profiles ( Figures 1D-1F ). Importantly, perforated synapses have a higher number of immunogold particles for both AMPARs and NMDARs compared to their nonperforated counterparts (Desmond and Weinberg, 1998; Ganeshina et al., 2004a Ganeshina et al., , 2004b . Such findings are consistent with the idea that perforated synapses, when activated, will generate larger synaptic currents than nonperforated synapses. To clarify the role of these two synaptic subtypes in distance compensation, we first asked whether the number or proportion of perforated synapses changes with distance from the soma. If conductance scaling is used throughout the apical dendrite, then perforated synapses might be more prevalent in distal regions, compared to locations closer to the soma/axon. We used unbiased stereological sampling and counting procedures combined with serial section analyses to characterize the incidence of axospinous synapses on CA1 pyramidal neurons in three progressively distal zones of the apical dendritic tree ( Figures 1G and 1H ): the proximal one-third of the SR (pSR), the distal onethird of the SR (dSR), and the SLM, the most distal synaptic region. Our estimates of the total number of perforated and nonperforated synapses in the three zones revealed that their numbers varied in a distancedependent manner. Specifically, there are more perforated synapses in dSR and SLM than in pSR, and there are fewer nonperforated synapses within SLM than in pSR and dSR ( Figure 1I ). Together, these differences in synaptic subtype number progressively increase the proportion of perforated synapses with distance from the soma ( Figure 1J ).
That the number of perforated synapses is increased in the dSR, and then maintained at the same elevated level in SLM ( Figure 1I ), suggests that perforated synapses play a pivotal role in distance-dependent synaptic scaling. Because of the exceptionally high level of AMPAR immunoreactivity in perforated synapses (Ganeshina et al., 2004a (Ganeshina et al., , 2004b , the increase in their proportion might underlie the higher incidence of large-amplitude miniature excitatory postsynaptic currents (mEPSCs) in dSR (Magee and Cook, 2000; Smith et al., 2003) . A parallel augmentation in perforated synapse strength would account for the electrophysiological finding that the dSR contains a subpopulation of synapses two to three times more powerful than any synapse in pSR (Magee and Cook, 2000; Smith et al., 2003) . Furthermore, perforated synapse strength might be expected to surpass that in dSR if conductance Figure 1 . Ratio of Perforated-to-Nonperforated Synapses Increases with Distance from the Soma in CA1 Pyramidal Neurons (A-C) A perforated synapse between a presynaptic axon terminal (at) and a postsynaptic spine (sp), characterized by discontinuities (arrows) in its postsynaptic density profiles (arrowheads). Scale bar, 0.25 mm. (D-F) Nonperforated synapses between two presynaptic axon terminals (at1 and at2) and two postsynaptic spines (sp1 and sp2) display continuous postsynaptic density profiles (arrowheads) in all sections. Scale bar, 0.25 mm. (G) A pyramidal neuron in the hippocampal CA1 region (arrows). (H) Location of the pSR, dSR, and SLM depicted on a CA1 pyramidal neuron. (I) Total number of perforated (triangles) and nonperforated (circles) synapses in pSR, dSR, and SLM. pSR has fewer perforated synapses than dSR and SLM (*); SLM has fewer nonperforated synapses than pSR and dSR (**). (J) The perforated-to-nonperforated synapse ratio is higher in dSR than in pSR (*) and highest in SLM (**). All values are based on pooled data from three rats (1032 perforated synapses; 7569 nonperforated synapses) and are presented 6 SEM.
scaling extends to SLM. To examine these ideas, we assessed the AMPAR and NMDAR immunoreactivity of axospinous synapses from the pSR, dSR, and SLM.
Synaptic AMPARs Exhibit Distance-Dependent Regulation Currently, the best available method for localizing and quantifying neurotransmitter receptors is postembedding immunogold electron microscopy (Ottersen and Landsend, 1997; Nusser, 2000) . By applying the antibodies directly to ultrathin sections, this method restricts labeling to the epitopes present on the cut surface of the tissue, permitting high-resolution localization and quantification of receptors by examining immunogold particle number and density. We combined stereological sampling techniques, serial section analyses, and postembedding immunogold electron microscopy to evaluate whether the AMPAR and NMDAR immunoreactivity of perforated and nonperforated synapses changes with distance from the soma. We first examined AMPAR expression because AMPARs mediate the majority of fast synaptic transmission, and previous electrophysiological studies have provided evidence that distance-dependent synaptic scaling is accomplished via an increase in synaptic AMPAR conductance (Magee and Cook, 2000 ; Andrá sfalvy and Magee, 2001; Smith et al., 2003) . In serial ultrathin sections, perforated synapses are invariably immunopositive for AMPARs and exhibit an abundance of immunogold particles associated with their PSD (Figures 2A-2E ). In contrast, nonperforated synapses can be either immunonegative or immunopositive , with the latter typically containing only a few immunogold particles (Nusser et al., 1998a; Takumi et al., 1999; Racca et al., 2000; Ganeshina et al., 2004a Ganeshina et al., , 2004b .
We found that perforated synapses had more immunogold particles for AMPARs than immunopositive (I) Mean number of immunogold particles for AMPARs per perforated (triangles) and nonperforated (circles) synapse. Perforated synapses in dSR have the highest particle number (*), whereas those in SLM have the lowest (**). (J) Mean density of immunogold particles for AMPARs per PSD unit area (mm 2 ). Among perforated synapses, those in dSR have the highest particle density (*), and those in SLM have the lowest (**). Nonperforated synapses in dSR have a higher particle density than those in both pSR and SLM (#). nonperforated synapses, regardless of whether they were in the pSR, dSR, or SLM ( Figure 2I ). However, distance-dependent differences in AMPAR immunoreactivity were seen almost exclusively among perforated synapses. Perforated synapses in the dSR had the highest particle number and density, whereas those in SLM had the lowest particle number and density (Figures 2I and 2J) . Among nonperforated synapses, neither the particle number ( Figure 2I ) nor the percentage of immunopositive nonperforated synapses (69%, 71%, and 69% in the pSR, dSR and SLM, respectively) changed with distance from the soma. The only difference seen among nonperforated synapses was a slightly higher particle density in those from the dSR ( Figure 2J ).
Plots of the percentage of perforated and immunopositive nonperforated synapses with a given number of immunogold particles for AMPARs illustrate that perforated synapses represent a powerful synaptic subtype throughout the apical dendritic tree ( Figure 2K ). Additionally, there is a substantially higher proportion of perforated synapses with >30 immunogold particles in dSR (13%) compared to both pSR (4%) and SLM (3%). Furthermore, the cumulative frequency plots for perforated synapses with a given number of immunogold particles suggest the possibility that, relative to the pSR, there is a shift toward stronger synapses in dSR, and weaker synapses in SLM ( Figure 2L ). No such pattern is observed among nonperforated synapses ( Figure 2L ). These results provide cellular evidence that conductance scaling may be achieved by an increase in the number and density of AMPARs, and they extend this view by demonstrating that the upregulation of AMPARs is limited to perforated synapses. Additionally, this particular form of conductance scaling does not appear to extend to SLM.
Synaptic NMDARs Do Not Scale with Distance from the Soma
Although a previous study provided compelling evidence that NMDAR-mediated currents do not change with distance from the soma in SR (Andrá sfalvy and Magee, 2001) , there is evidence that the NMDAR-to-AMPAR ratio is highest in SLM (Otmakhova et al., 2002) . Moreover, synaptic currents mediated by NMDARs have slower kinetics than those mediated by AMPARs (Hestrin et al., 1990; Spruston et al., 1995) , which, through a variety of mechanisms, can be expected to decrease the impact of voltage attenuation on potentials from very distal synapses such as those in dSR and SLM (Rall, 1977; Schiller and Schiller, 2001; Williams and Stuart, 2003) . To determine whether NMDARs play a role in distance compensation, we examined NMDAR immunoreactivity in synapses from the pSR, dSR, and SLM.
When viewed in serial sections, all perforated (Figures 3A-3E) and nonperforated (Figures 3A and 3F-3H) synapses are immunopositive for NMDARs (Ganeshina et al., 2004a) . We found that perforated synapses had a higher number, but a lower density, of immunogold particles for NMDARs than their nonperforated counterparts ( Figures 3I and 3J ). In stark contrast to synaptic AMPARs, however, NMDAR expression among synapses did not exhibit any distance-dependent differences ( Figures 3I-3L ).
Nonspecific labeling might be expected to have a larger proportional effect on nonperforated synapses, which have fewer immunogold particles for AMPARs and NMDARs projected onto their PSD, than on perforated synapses, which have many immunogold particles. When we excluded immunopositive synapses (both perforated and nonperforated) with one immunogold particle from the analyses, however, we found the exact same pattern of results for both the AMPAR and NMDAR experiments (for more information, see Table  S1 in the Supplemental Data available with this article online).
Perforated Synapses Reduce Location Dependence in SR
The results from our electron microscopic studies show that CA1 pyramidal neurons regulate the number of both perforated and nonperforated synapses as a function of distance from the soma but adjust synaptic strength only among the perforated subtype, and even then only by modifying the number of AMPARs. The selective involvement of perforated synapses in distance-dependent synaptic scaling suggests that they are the only synaptic subtype capable of reducing their location dependence. To provide insight into the possible functional consequences of such compartment-specific differences in synapse number and receptor content, we used computer simulations of a morphologically reconstructed pyramidal neuron with passive membrane properties (Golding et al., 2005) .
We first used the computer simulations to model the somatic EPSPs that perforated and nonperforated synapses located throughout the apical dendrite would produce. We used synaptic conductances (g syn ) based on the known properties of somatic EPSPs and the relative number of immunogold particles for AMPARs in the two synaptic subtypes ( Figure 4A ). The average amplitude of miniature EPSPs (mEPSPs) in SR is approximately 0.2 mV (Magee and Cook, 2000) . We incorporated this into our model by assuming a g syn of 0.3 nS for nonperforated synapses, which resulted in somatic EPSPs of 0.2 mV from the most proximal dendritic synapse locations. Based on the AMPAR immunoreactivity of nonperforated synapses, this value was kept constant at all dendritic locations. The g syn value for perforated synapses was based on their relative level of AMPAR expression compared to nonperforated synapses, and was therefore dependent on dendritic location. We assigned identical g syn values to perforated synapses in stratum oriens (SO) and pSR, given their similar distance from the soma, and extrapolated g syn of perforated synapses in middle stratum radiatum (mSR) to a value intermediate to those in pSR and dSR.
Using these values for g syn , only the most proximal nonperforated synapses produced somatic EPSPs near 0.2 mV (i.e., exceeding 0.16 mV), whereas somatic EPSPs from all other locations were considerably smaller because of the lack of conductance scaling (Figures 4B-4E) . Importantly, nonperforated synapses in dSR and SLM produced EPSPs that were on average three to six times smaller than those in pSR (pSR: 0.13 mV; dSR: 0.04 mV; SLM: 0.02 mV), suggesting that many nonperforated synaptic potentials originating in distal dendritic regions attenuate to nearly undetectable amplitudes. When perforated synapses were simulated, most synapses throughout SR (100% in pSR, 85% in dSR) caused somatic EPSPs that exceeded 0.16 mV and produced relatively uniform somatic EPSP amplitudes over a large range of dendritic locations ( Figures  4B-4E ). The average somatic EPSP amplitude for perforated synapses in pSR (0.45 mV) exceeded that of perforated synapses in dSR (0.21 mV), but our simulations suggest that somatically recorded pSR EPSPs are likely to originate from a mixture of both perforated and nonperforated synapses, whereas dSR EPSPs would be produced predominantly by perforated synapses (Figures 4C-4F ). This would result in average pSR EPSPs being intermediate to that of the nonperforated and perforated EPSPs (0.28 mV), and average dSR EPSPs being derived from perforated EPSPs only (0.21 mV). Values based on such assumptions are consistent with recording studies (Magee and Cook, 2000; Smith et al., 2003) . On the other hand, EPSPs originating in SLM (average = 0.068 mV) never exceeded 0.2 mV, with > 90% producing somatic EPSPs below 0.1 mV and none above 0.16 mV ( Figures 4B-4E ).
The simulations of perforated and nonperforated synapses complement the electron microscopy studies, and together they show that an increase in the proportion ( Figures 1I and 1J ) and strength ( Figures 2I and  2J ) of perforated synapses in dSR provides a plausible cellular basis for synaptic location independence throughout SR. These results also show that, despite having the highest proportion of perforated synapses ( Figure 1J ), SLM synapses do not effectively counteract dendritic filtering. Rather, synaptic potentials originating in SLM attenuate so severely that they produce much smaller average somatic EPSPs than SR EPSPs, consistent with previous recording studies (Jarsky et al., 2005) .
Evidence for Compartment-Specific Mechanisms of Distance Compensation
Our studies clearly show that conductance scaling does not extend into SLM, implying that some other mechanism must operate in this region to reduce synaptic location dependence. Dendritic spikes may represent such a mechanism because they are prevalent in SLM and can be triggered relatively easily by brief bursts of synaptic activity (Golding and Spruston, 1998; Golding et al., 2002; Gasparini et al., 2004; Jarsky et al., 2005) . Recent evidence suggests that SLM synapses indeed rely heavily on dendritic spikes because, in their absence, SLM inputs appear to only have minimal impact on neuronal output (Golding et al., 2005; Jarsky et al., 2005) . These studies suggest that synapses in SLM are capable of effectively counteracting dendritic filtering only via a two-stage process: (1) SLM synaptic conductances trigger a dendritic spike; and (2) this dendritic spike then propagates toward the soma under some conditions (see Discussion).
To explore the possibility that SLM synapses preferentially use dendritic spikes rather than conductance scaling, we used the computational model to compare the conductances necessary to achieve two different conditions: (1) a unitary EPSP of 0.2 mV at the soma; and (2) a local depolarization to 230 mV, which can be considered sufficient to generate a local dendritic spike (Golding and Spruston, 1998; Gasparini et al., 2004) . We incrementally increased the value of g syn for synaptic locations throughout the dendritic tree until each of the two conditions was achieved. We then examined whether the g syn necessary to achieve these two different conditions varied with distance from the soma. A unitary somatic EPSP of 0.2 mV could be achieved with relatively moderate increases in synaptic strength throughout pSR and dSR ( Figure 5A , blue). Consistent with the previous electrophysiological studies and our electron microscopic experiments showing an increase in the number and AMPAR immunoreactivity of perforated synapses in dSR, g syn of these synapses needed to be increased up to 10-fold relative to the reference conductance (g ref ) in pSR (0.3 nS) to normalize the somatic EPSP. Much larger g syn values were required for synapses in SLM. Specifically, synaptic conductances (A) Synaptic conductances (g syn ) for perforated (P) and nonperforated (NP) synapses located in stratum oriens (SO), pSR, middle stratum radiatum (mSR), dSR, and SLM in our simulations. All g syn values are relative to a reference conductance (0.3 nS) necessary for a nonperforated synapse located in the most proximal region of pSR to generate a 0.2 mV somatic EPSP. The values for perforated and nonperforated g syn in pSR, dSR, and SLM derive from the results of our AMPAR immunogold electron microscopy experiment. The value for the nonperforated synapse g syn at all dendritic locations was 0.3 nS, whereas the g syn value for perforated synapses changed with distance from the soma (pSR: 1.2 nS; dSR: 1.8 nS; SLM: 1.0 nS). ranging from 100 to over 1000 times that of more proximal synaptic locations were required to effectively counteract dendritic filtering and produce a somatic EPSP of 0.2 mV ( Figure 5A, blue) . Thus, the pattern of resulting conductances is consistent with our electron microscopic data from SR, but not from SLM, where perforated synapses have the lowest level of AMPAR expression. When we simulated the g syn necessary to depolarize the local membrane potential to 230 mV, the highest values were observed for the large-diameter main apical dendrite ( Figure 5A, red) . Much smaller values were required in the smaller-diameter apical oblique and tuft branches ( Figure 5A, red) . For most synapses in SLM, the conductance required to reach 230 mV was substantially lower than the conductance required to achieve a 0.2 mV somatic EPSP ( Figure 5A, red) . That is, when the most distal synapses-primarily within SLM-were activated, they achieved our dendritic spike threshold before they generated a 0.2 mV somatic EPSP (Figures 5A-5D ). Importantly, this observation is opposite to that seen in SR, where most synaptic locations produced the normalized somatic EPSP at lower g syn values than those required to produce a local depolarization to 230 mV ( Figures 5A-5D ). Taken together, our studies indicate that perforated synapses in SR scale their strength to produce somatic EPSPs near 0.2 mV, whereas those in SLM are governed by different rules, perhaps depending on their ability to recruit dendritic spikes, rather than their ability to depolarize the soma ( Figure 5D ).
Discussion
How synapses on the most remote dendritic locations influence neuronal output remains a critical question. In the absence of compensatory mechanisms, a distance-dependent gradient would be imposed on synaptic potentials in the soma/axon. Here, we provide cellular and computational evidence that synapses located in different dendritic regions employ distinct mechanisms to diminish any such gradients and mitigate the effects of dendritic filtering. First, we show that perforated and nonperforated synapse number is different in pSR, dSR, and SLM ( Figure 6 ). The major result of these differences is that the proportion of perforated synapses increases with distance from the soma. Second, we show that AMPAR, but not NMDAR, expression varies across dendritic compartments (Figure 6 ). AMPAR content is highest in dSR and lowest in SLM, and these compartment-specific differences are found only within the perforated synaptic subtype. Third, we used computer simulations to examine the somatic EPSPs that a perforated or nonperforated synapse located throughout the apical dendrite would produce and found that perforated synapses are the only subtype capable of effectively reducing their location dependence, and that such success is confined to the SR. Finally, using computer simulations, we incrementally strengthened synaptic conductances at locations throughout the apical dendrite and found that synapses in SR achieve a somatic EPSP criterion before they achieve a local depolarization criterion, whereas SLM synapses cause the large local depolarization first (i.e., at lower synaptic conductances). These results are consistent with the idea that the strength of synapses in SR is determined by their ability to depolarize the soma/axon, whereas synaptic strength in SLM is governed by the ability to cause large local depolarizations. Moreover, they provide strong evidence that only perforated synapses in SR use conductance scaling to achieve location independence, whereas those in SLM need to first trigger (D) Average values of the synaptic conductances (g syn ) required to achieve either a somatic EPSP of 0.2 mV (blue) or a local depolarization to 230 mV (red) for synaptic locations in pSR, dSR, and SLM. The number of immunogold particles for AMPARs per perforated synapse (black) in pSR, dSR, and SLM is superimposed with a separate ordinate. The axis for immunogold particle number is aligned such that the average particle number per immunopositive nonperforated synapse in pSR (3.38) is level with the average value required to achieve a 0.2 mV somatic EPSP in pSR (0.58 nS). All values are presented 6 SEM. dendritic spikes to successfully counteract dendritic filtering.
Though not directly proven by our experiments, the compartment-specific use of conductance scaling and dendritic spikes to reduce synaptic location dependence is also supported by evidence from other studies. Previous electrophysiological work has shown that SR synapses can increase their conductance to compensate for their distance from the soma/axon (Magee and Cook, 2000; Smith et al., 2003) . These studies found that the amplitudes of somatically recorded mEPSPs are relatively independent of their location of origin within SR, while the distribution of dendritically recorded mEPSCs contained substantially more largeamplitude events in dSR than in pSR. These data are consistent with our results. For example, the increase we found in the number and AMPAR immunoreactivity of perforated synapses in dSR might account for the findings that there is a higher incidence of large-amplitude mEPSCs in dSR, with some mEPSCs being two to three times larger than any seen in pSR (Magee and Cook, 2000; Smith et al., 2003) . That is, these findings suggest that conductance scaling in SR is achieved by increases in the number of perforated synapses, as well as increases in their AMPAR content. In SLM, however, the AMPAR immunoreactivity of perforated synapses was significantly lower than that in both pSR and dSR. This suggests that perforated synapses in SLM actually may be the weakest of all such synapses on the apical dendrites, thereby indicating that conductance scaling does not extend to SLM.
Several studies indicate that dendritic spikes, rather than conductance scaling, may be used by SLM synapses to influence neuronal output. Although EPSPs originating in SLM attenuate the most, the small diameter of these branches (Megías et al., 2001 ) will cause local EPSPs to be larger (Rall, 1977) and therefore more likely to trigger local dendritic spikes. This idea is consistent with our study, which suggests that synaptic strength in SLM is actually scaled down as a result of the ease with which large local depolarizations could be achieved in this region. Moreover, in the absence of dendritic spikes, SLM synapses are unable to generate axonal action potentials and have only minimal impact on somatic depolarization (Golding and Spruston, 1998; Wei et al., 2001; Golding et al., 2005; Jarsky et al., 2005) . Though the propagation of dendritic spikes in SLM can be restricted to the apical tuft (Golding and Spruston, 1998; Wei et al., 2001; Cai et al., 2004) , such spatial confinement is dramatically reduced by modest synaptic activity in SR (Jarsky et al., 2005) . In other words, synapses in SR actively gate the propagation of dendritic spikes originating in SLM, conferring to dendritic spikes the ability to propagate to the soma, and allowing dendritic spikes to act as a reliable mechanism of distance compensation for SLM synapses. Together, these findings strengthen the notion that perforated synapses in SR can communicate directly with the soma/axon in a relatively location-independent manner by use of conductance scaling, but that SLM synapses first need to trigger dendritic spikes, which then propagate toward and ultimately depolarize the final integration zones in the soma and axon. Importantly, dendritic spikes are not a mechanism of distance compensation exclusive to SLM synapses. Rather, SR synapses can influence activity in the soma and axon with or without dendritic spikes (Gasparini and Magee, 2006) , whereas SLM synapses are unlikely to impact neuronal output in their absence (Jarsky et al., 2005) . Even if SLM synaptic potentials summate with EPSPs in dSR to trigger local spikes in SR (Jarsky et al., 2005) , the available data are consistent with the notion that SLM synapses rely on dendritic spikes to drive axonal action potentials, whereas SR synapses do not.
Synaptic Subtypes and Neuronal Output
Since their initial description (Peters and KaisermanAbramof, 1969; Carlin et al., 1980) , perforated and nonperforated synapses have been thought to differ functionally, but the nature of any such differences has remained elusive. Because perforated synapse number and proportion is increased during development and learning, and after long-term potentiation (reviewed in Greenough and Bailey, 1988; Harris et al., 1992; Bailey and Kandel, 1993; Jones and Harris, 1995; Geinisman, 2000; Nikonenko et al., 2002; Nimchinsky et al., 2002) , one view is that they represent a synaptic subtype capable of generating large synaptic conductances. Recent work using postembedding immunogold electron microscopy for AMPARs and NMDARs has supported this idea (Desmond and Weinberg, 1998; Ganeshina et al., 2004a Ganeshina et al., , 2004b . The present study not only provides further support for such a notion, but also extends it by showing that perforated synapses are likely to play an integral role in allowing multiple dendritic Synapse number and receptor content are depicted in proportion to their relative numbers as determined in experiments 1 to 3. There are twice as many perforated synapses in dSR and SLM as in pSR. In addition, perforated synapses in dSR have the most AMPARs. AMPAR immunoreactivity of nonperforated synapses is not different at the various dendritic locations, but there are fewer of these synapses in SLM. Although perforated synapses have more NMDARs than nonperforated synapses, this difference does not change with distance from the soma. Additionally, the PSD sizes of nonperforated synapses immunopositive for AMPARs were larger than immunonegative ones, and PSD size among perforated synapses increased with distance from the soma. See Figure S1 and Table S2 for further information.
Neuroncompartments of CA1 pyramidal neurons to contribute to action potential output regardless of their distance from the soma. If we assume that AMPAR immunoreactivity is proportional to the actual number of AMPARs present at synapses, and that g syn is proportional to AMPAR number, then the argument can be made that the contribution of single synapses to neuronal output is dichotomous: single perforated synapses can communicate effectively with the soma, but most single nonperforated synapses cannot. One major consequence of such differences in synaptic efficacy is that the contribution of these two synaptic subtypes to neuronal activity is likely to be very different.
Given their small g syn and somatic EPSP, the synchronous activation of many (>100) nonperforated synapses would be required to trigger axonal action potentials or dendritic spikes. And because they do not exhibit conductance scaling, the number of coincidentally activated nonperforated synapses required to produce an axonal action potential would increase progressively with distance from the soma. Considering the high level of AMPAR expression in perforated synapses, they are more likely to contribute to both axonal and dendritic spikes than their nonperforated counterparts throughout SR and SLM. Our simulations indicate, however, that dendritic filtering of EPSPs originating in SLM is so severe that even perforated synapses may not contribute substantially to somatic depolarization. Rather, these synapses may instead operate together to trigger dendritic spikes. Given their abundance of AMPARs, the relative frequency of perforated synapses may be highest in SLM to increase the probability that synaptic input causes a local depolarization sufficient to trigger a dendritic spike.
Perforated Synapses and Synaptic Transmission
The probabilistic nature of vesicular release and the lack of saturation of AMPARs and NMDARs during quantal transmission (Liu et al., 1999; Mainen et al., 1999; McAllister and Stevens, 2000) suggest that two mechanisms might operate in favor of increasing the strength of transmission at perforated synapses. First, the high number of AMPARs at perforated synapses might increase the number of channels activated, independent of changes in single channel current or presynaptic parameters. With these parameters being equal throughout SR (Smith et al., 2003) , increasing the number of perforated synapses or the number of AMPARs per synapse each represents a relatively straightforward means of increasing synaptic strength in dSR. An analogous mechanism involving insertion of GABA A receptors and augmentation of inhibitory postsynaptic currents might operate at inhibitory synapses onto cerebellar stellate cells (Nusser et al., 1997) and hippocampal granule cells (Nusser et al., 1998b ). An increase in the relative frequency of perforated synapses in dSR, with their high AMPAR content, would increase the number of synapses operating under conditions of high receptor activation, resulting in local mEPSPs with large amplitudes. The increased number of activated AMPARs at perforated synapses may also decrease the number of transmission failures due to unbound glutamate, thereby enhancing the reliability of information transfer across the synaptic cleft.
Second, because the presynaptic active zone colocalizes with the PSD (Harris and Sultan, 1995) , and the extent of both organelles along the synaptic cleft is much larger in perforated synapses than in nonperforated ones, multivesicular release may occur at perforated synapses. Multiquantal release onto CA1 pyramidal neuron synapses (Christie and Jahr, 2006) would result in the summation of multiple postsynaptic quantal responses (Conti and Lisman, 2003; Raghavachari and Lisman, 2004) and generate large local mEPSPs, such as those seen in dSR, but not pSR (Magee and Cook, 2000; Smith et al., 2003) . If these notions regarding synaptic transmission at perforated synapses are accurate, then the progressive increase in the proportion of perforated synapses with distance from the soma may enhance postsynaptic reliability and potency in both SR and SLM. Moreover, such large EPSPs would confer to perforated synapses throughout SR relative equivalence in influencing axonal action potential output and would make synaptic activation in SLM more likely to cause local depolarizations beyond the dendritic spike threshold.
It is important to note that we are assuming that synaptic transmission per se is fundamentally similar within SR and SLM, and at perforated and nonperforated synapses. While many of the parameters that influence synaptic strength are indeed similar in pSR and dSR (Smith et al., 2003) , essentially nothing is known about them in SLM due to the technical limitations of patching onto the small-diameter dendritic tufts in this region, and no study has ever explicitly compared synaptic transmission at perforated versus nonperforated synapses. Future studies combining optical or electrophysiological measurements of transmission at single synapses and subsequent serial section electron microscopic analyses of the activated synapses (e.g., Mackenzie et al., 1999) are necessary to further address the validity of our assumptions.
Our study indicates that the contribution of synapses to neuronal output differs with regard to their subtype and dendritic location, and that location dependence among synapses is reduced only for the perforated subtype, which utilizes conductance scaling in SR and the generation of dendritic spikes in SLM. Regardless of its functional significance, many questions remain concerning the distance-dependent regulation of synaptic ultrastructure and receptor content. For example, one important question is whether there are differences in the glutamate receptor subunit composition of the different synaptic subtypes, and whether this composition changes with distance from the soma. Of further interest is whether the content of other PSD bound proteins, such as those involved in signal transduction and structural stability (Kennedy, 2000; Ehlers, 2002; Li et al., 2004; Peng et al., 2004) , differs between perforated and nonperforated synapses in the various dendritic regions, particularly within SLM, where perforated PSDs are significantly larger than those in SR, despite having the lowest number of AMPARs. Also unknown is whether perforated and nonperforated synapses differ in their relative levels of stability. Considering that perforated synapses are typically much larger than nonperforated ones, recent evidence suggests that synaptic subtype-specific variation in activity-dependent plasticity may indeed exist (Geinisman, 2000; Lang et al., 2004; Matsuzaki et al., 2004; Noguchi et al., 2005) . In addition, the forms of synaptic plasticity underlying distance-dependent regulation of synapse number and AMPAR content, although unknown, are probably different because the number of both perforated and nonperforated synapses changes with distance from soma, whereas synaptic strength is changed exclusively within the perforated subtype. These and other questions will need to be addressed in future experiments to fully catalog the effects that such regulation has on synaptic integration at the various dendritic locations.
Experimental Procedures Experimental Animals
Six young adult (6-month-old) male F 1 hybrid Fischer344 3 Brown Norway rats (Harlan, Indianapolis, Indiana) were used in the studies performed either with conventional (n = 3) or postembedding immunogold (n = 3) electron microscopy. All experiments were conducted following the procedures approved by the Animal Care and Use Committee of Northwestern University.
Unbiased Quantitative Electron Microscopy
Tissue samples prepared for conventional electron microscopy were used to assess the total number of axospinous perforated and nonperforated synapses in the dorsal half of the hippocampus with unbiased stereological sampling and counting procedures combined with serial section analyses (Geinisman et al., 2004) . Briefly, the rats were intracardially perfused with a mixture of paraformaldehyde and glutaraldehyde, the right hippocampal formation was dissected free, and its dorsal half was cut into five to seven consecutive transverse slabs. The location of the first cut was chosen randomly within the first (most rostral) 0.8 mm interval, and subsequent cuts were made systematically at 0.8 mm intervals. From the rostral face of slab, a 2 mm thick histological section was prepared and stained with azure II/methylene blue. In such sections, CA1 was distinguished from adjacent CA2 and subiculum by a relatively narrow stratum pyramidale formed by tightly packed pyramidal cell bodies of a homogenously small size (Amaral and Witter, 1995; Ishizuka et al., 1995) . Within CA1, SLM was delineated from SR by the abundance of myelinated fibers and the absence of pyramidal cell dendrites running perpendicular to the hippocampal fissure as in the pSR and dSR (Ishizuka et al., 1995; Megías et al., 2001) . Outlines of the SR and SLM sectional profiles were drawn, and their areas were estimated in each section by point counting. The total volume of CA1 SR and SLM in the dorsal hippocampus was calculated as the product of their profile areas and the thickness of the tissue slabs. pSR and dSR were each assigned the volume that was equal to one-third of the total SR volume. From these slabs, five were chosen in a systematic random manner and used for obtaining 27 to 35 serial ultrathin sections from each slab (five slabs per rat; 15 slabs total). Each section spanned the extent of the apical dendritic region of CA1 pyramidal neurons, from the pyramidal cell layer to the hippocampal fissure. The borders of the pSR, dSR, and SLM were determined from measurements performed on histological sections using the field delineator of the electron microscope. Subsequently, electron micrographs (final magnification of 21,9003) of a systematic randomly selected sampling field were obtained from each apical dendritic zone on the same set of serial sections. The synaptic numerical density was estimated using the physical disector method on micrographs of adjacent serial sections (24 disectors were examined in each dendritic zone per slab). In each rat, the total number of perforated and nonperforated synapses was estimated separately for the pSR, dSR, and SLM as the product of the volume of the dendritic region (in mm 3 ) and its average synaptic numerical density (synapses/ mm 3 ) obtained from the five slabs. The ratio of perforated to nonperforated synapses was calculated from their total numbers. The data were derived from analyses of 1032 perforated synapses and 7569 nonperforated synapses (340, 316, and 376 perforated synapses; 2463, 2584, and 2522 nonperforated synapses from three rats).
Quantification of AMPAR and NMDAR Immunoreactivity
Expression of postsynaptic AMPARs and NMDARs was assessed with postembedding immunogold electron microscopy as specified previously (Ganeshina et al., 2004a (Ganeshina et al., , 2004b . The sampling design indicated above was used with the following modifications. The dorsal half of the right hippocampal formation was cut into transverse 0.3 mm thick slabs. In five slabs selected in a systematic random manner, the CA1 region was divided along its mediolateral extent into three blocks, each of 0.5-1 mm in width. Following plunge freezing, freeze substitution, and low-temperature embedding in Lowicryl (Electron Microscopy Sciences), one block from each slab was used to prepare 17 to 33 serial ultrathin sections (five blocks per rat; 15 blocks total). The latter were immunostained with a mixture of primary antibodies (Chemicon) specific to either AMPAR subunits (GluR1, GluR2, GluR2/3, and GluR4) or NMDAR subunits (NR1 and NR2A/B) and then with secondary antibodies conjugated to 10 nm gold particles (British BioCell International). Electron micrographs (final magnification of 37,8003) were obtained from systematic randomly selected fields of the pSR, dSR, and SLM in the same serial sections. From each field, synapses were sampled with 24 disectors. The number of particles per synapse, PSD area, and particle concentration per PSD unit area (mm 2 ) were estimated on these electron micrographs. PSD area was calculated for each synapse as the product of the total linear length of its PSD profiles measured on serial sections (in mm) and the average section thickness (0.068 mm). For the AMPAR immunostaining, the data were derived from a total of 431 perforated synapses and 1306 immunopositive nonperforated synapses (165, 131, and 135 perforated synapses and 476, 324, and 506 immunopositive nonperforated synapses from three rats). NMDAR immunoreactivity was estimated from analyses of 356 perforated synapses and 2025 nonperforated synapses, all of which were immunopositive (117, 134, and 105 perforated synapses and 659, 728, and 638 nonperforated synapses from three rats). See Table S1 for data from individual rats.
Data Analyses
The variance of the data from individual rats was compared statistically using Hartley's F max test and Cochran's C test. There were no statistical differences in any of the three experiments, and analyses were therefore performed on the pooled data. The total number of synapses and the perforated-to-nonperforated synapse ratio were evaluated statistically using analysis of variance. AMPAR and NMDAR immunoreactivity was compared with multivariate analysis of covariance, using PSD area as the covariate. Differences and post hoc comparisons (Tukey's honestly significant difference) were considered statistically significant at p < 0.05.
Computational Modeling
The CA1 pyramidal neuron model used for all simulations was reconstructed from a stained neuron in a hippocampal slice as described previously (Golding et al., 2005) . All simulations were performed using the neuronal simulator NEURON (Hines and Carnevale, 1997) . The model included only passive membrane properties, which were constrained by direct recording of voltage attenuation from the soma to a dendritic recording in the same neuron (Golding et al., 2005) . Addition of a hyperpolarization-activated conductance to the model increased the voltage attenuation for all synapses but did not appreciably change the results of the presented simulations (see Figures S2 and S3) . Similar results were obtained in a second model of a CA1 pyramidal neuron derived in the same way as the first model (see Figures S4, S5 , S6, and S7), and two additional models with multiple active conductances ( Figures S8 and S9) . NEURON code for all simulations is available online at http://www.north western.edu/dendrite/.
Supplemental Data
The Supplemental Data include nine supplemental figures and two supplemental tables and can be found with this article online at http://www.neuron.org/cgi/content/full/50/3/431/DC1/.
